Acetobacterium woodii formed ethanol as a fermentation product in addition to acetate when the phosphate concentration of the medium was between 0.2 and 8.4 mM. Considerable amounts of alanine were also found (2 to 11 mM). Supplementation with phosphate caused a shift to acetate as the only end product. Ethanol could also serve as a substrate for A. woodii. This fermentation yielded predominantly acetate and was strictly dependent on high bicarbonate concentrations. 1-Propanol, 1-butanol, and 1-pentanol were converted to the corresponding fatty acids but allowed only marginal growth. A. wieringae and A. carbinolicum grown under identical conditions were also able to form ethanol, and A. wieringae could use ethanol as a substrate, too. Alcohol dehydrogenase and acetaldehyde dehydrogenase activities were determined in A. woodii. Activity stains of polyacrylamide gels with crude extracts allowed the detection of acetaldehyde dehydrogenase but not of alcohol dehydrogenase. Trace amounts of methane were detected during growth of A. woodii on glucose and ethanol.
The term homoacetogen has been applied to those strictly anaerobic bacteria that produce only acetate during fermentation and are able to use bicarbonate as an external electron acceptor. Almost all of them are able to convert 1 mol of hexose to about 3 mol of acetate (29) . In the last few years several new species have been described, and their characteristics were recently reviewed (28, 29) . Research has mainly focused on the ability to synthesize acetate exclusively from H2 and CO2. Enormous progress has been made in the elucidation of the molecular mechanism of acetate synthesis (for recent reviews, see references 18, 30, and 41) .
In addition to fermenting sugars and growing on onecarbon compounds, members of the genus Acetobacteriuim may also grow on methoxylated compounds (1, 17, 37) , thereby forming the corresponding hydroxy derivatives. Again, the only other fermentation product is acetate. However, when Acetobacteriium woodii was cultivated in a medium with a low CO2 concentration, small amounts of molecular hydrogen were formed (11) . Under conditions of nickel limitation the fermentation of fructose yielded only two-thirds of the theoretically expected acetate. Other products were formate, C02, and H2 (14) . All these compounds are components of the pathway of CO2 reduction to acetate.
In this paper we present evidence that A. woodii and other members of the genus Acetobacteriium are able to produce and also to utilize ethanol. Thus, the metabolic capacity of these bacteria is larger than anticipated so far.
(A preliminary account of some of the data presented in this report was Methane formation was quantified gas chromatographically as described previously (8) . Amino acid analysis and determination of ammonium were performed with an LKB 4151 Alpha Plus analyzer as described by the supplier (Pharmacia-LKB, Freiburg, Federal Republic of Germany).
Formate was assayed colorimetrically as described by Lang and Lang (27) . Glucose and fructose were determined enzymatically with glucose-6-phosphate dehydrogenase, hexokinase, and glucose-6-phosphate isomerase (7 ACDH activity was determined by measuring the initial rate of NAD+ reduction at 365 nm as described by Clark and Cronan (13) . The assay mixture contained 50 mM 2(Ncyclohexylamino)ethanesulfonate (CHES) buffer (pH 9.5), 0.1 mM coenzyme A, 1.5 mM NAD+, 1 mM dithioerythritol, 10 mM acetaldehyde, and cell extract (20 to 200 pLg of protein) in a final volume of 1.0 ml. The enzyme was assayed in the forward reaction in 1.0-ml reaction mixtures containing 77 mM potassium phosphate buffer (pH 7.0), 0.13 mM acetyl-CoA, 0.4 mM NADH, 1.5 mM dithioerythritol, 88 mM semicarbazide, and cell extract (20 to 200 ,ug of protein). The reaction was initiated by the addition of acetyl-CoA, and the activity was determined by measuring the rate of NADH oxidation and NAD+ reduction in the reverse-direction assay, respectively. ADH activity was determined by measuring changes in the A365 caused by NADH formation or consumption as described by Bergmeyer et al. (6) and Hillmer and Gottschalk (22, 23) , respectively. The concentration of ethanol in this test system was 0.6 M.
Protein was determined as described by Beisenherz et al.
(5) with bovine serum albumin as a standard. One unit of enzyme activity was defined as the amount catalyzing the transformation of 1 plmol of substrate per min. glucose; 0, acetate; *, ethanol. Experiments were performed in 120-ml bottles sealed with butyl rubber septa and containing 50 ml of culture medium. Samples were removed with a syringe at the times indicated; the volume withdrawn was replaced with an N2-CO2 gas mixture.
Electrophoretic methods. Nondenaturing polyacrylamide gel electrophoresis was performed in acrylamide gels (linear gradient from 4 to 27.5%) with Tris-glycine buffer (5 and 38 mM, respectively; pH 8.6) at 200 V for 2 h in an anaerobic cabinet (Mecaplex). To stain the gels for ACDH and ADH activities, we incubated them under anaerobic conditions in the dark in 20 ml of the assay mixtures used for enzyme activity assays to determine acetaldehyde or ethanol oxidation. The concentrations of acetaldehyde and ethanol were 10 mM and 0.6 M, respectively. The assay mixtures contained, in addition, 0.04% (wt/vol) 4-Nitro Blue Tetrazolium chloride and 0.003% (wt/vol) phenazine methosulfate as described by Gabriel (19) (Fig. 1A) . A doubling time of 6 h was determined under these conditions. When 40 mM glucose was used, almost half of the substrate remained when A. woodii entered the stationary growth phase, and ethanol appeared as an additional fermentation product (Fig. 1B) . Calculated via cell density by using the conversion factor 0.1 optical density at 600 nm = 35 nmg (dry weight) per liter, which was obtained by direct determination in 500-mi cultures grown with glucose.
Calculated by using the formuIla C4H70 for cell material (39) . Calculated by using the fermentation equations 1 glucose 3 acetate and 2 ethatnol + 2 CO, 3 acetate. The formation of additional products (ethanol and alanine) was taken into consideration for the calculations. " Calculated as described by Gottschalk (20) .
Fermentation balances are given in Table 1 . With higher substrate concentrations additional reduced products were formed. One of these products was identified as alanine. A total of 0.1 mol of alanine was formed per mol of glucose. A depletion of NH4' in the medium parallel to the production of alanine was also observed. When more ammonium was added, the concentration of alanine increased to up to 11 mM. Trace amounts of threonine, valine, and an as-yetunidentified amino compound could also be detected. The excretion of small amounts of amino acids, predominantly alanine, seems to be relatively common in anaerobic bacteria (9) . Values of less than 1.0 for the balance of available hydrogen and a carbon recovery of more than 100% were probably the result of the utilization of certain compounds from the added yeast extract. However, no growth occurred when 0.2% yeast extract was used as the sole substrate.
The earlier presumption that succinate might be another fermentation product from heterotrophic substrates (4) could not be confirmed. It was not detectable by gas chromatography under the conditions used.
Exact quantification of carbon dioxide proved to be unsatisfactory, probably because of the gas atmosphere used (80% N2-20% CO,) and the bicarbonate that was liberated from the liquid medium at low pH values. The production of acetic acid during growth caused a drop in pH from 7.3 to about 5.3. H2 was never detected. Glucose concentrations of more than 40 mM did not lead to a further increase in turbidity, and growth was already impaired with 80 mM glucose. Since the formation of ethanol might have been a consequence of phosphate limitation, as described in the case of butanol or 1,2-propanediol for other anaerobic bacteria (2, 38) , the effect of supplementation was tested. The results showed that maximal ethanol production occurred at 3.2 mM phosphate. At a concentration of 8.4 mM phosphate ethanol was no longer produced, whereas acetate formation remained constant (Fig. 2) .
The organism showed a high degree of alcohol tolerance. When a medium containing 20 Only marginal growth was obtained with longer-chain aliphatic alcohols described to be reasonable substrates for A. carbinolicumn (17 NADP+ could not substitute for NAD+. Both activities proved to be oxygen sensitive (total loss of activity after 3 h under air at room temperature) but were stable for 24 h when the extracts were stored under an N2 atmosphere at 4°C. Extracts of glucose-grown cells harvested in the early stationary phase after the onset of ethanol production also exhibited both activities. However, the specific activities were much lower ( Table 2 ). The activities of both enzymes could be determined in both directions. For comparison, extracts of A. carbinolicum grown on ethanol were used. The specific activities of both enzymes in both directions were always lower than the respective values obtained for A. woodii on ethanol in the presence of various bicarbonate concentrations. Symbols: E, 60 mM bicarbonate; *, 90 mM bicarbonate; U, 120 mM bicarbonate; *, 180 mM bicarbonate. Experiments were performed in Hungate tubes containing 6 ml of culture medium and the bicarbonate concentrations indicated. Ethanol at 50 mM was used as the substrate. To determine whether the same enzymes were responsible for ethanol production and ethanol utilization, we ran nondenaturing polyacrylamide gels with the respective extracts and stained them for enzyme activity as described in Materials and Methods. In both assays several bands appeared, and most of these were also present when the substrate (ethanol or acetaldehyde) was omitted from the test solution. At least one of these bands could represent hydrogenase activity, since the whole procedure was performed in an anaerobic cabinet with a gas atmosphere of 95% N2 and 5% H2. No efforts were undertaken to identify these bands. When the gels were stained for ACDH one band that was not present in the controls appeared (Fig. 6) . It was the dominating band in the extracts from ethanol-grown cells and probably represented ACDH. Glucose-grown cells showed a similar band but at a much lower intensity. A. carbinolic um also showed an activity band when grown on ethanol. However, the intensity of the band was much lower, as already expected from the activities presented in Table 2 . Quite contrary were the results for the activity stain for ADH in extracts of A. woodii. Three bands were visible after staining, but none of them proved to be ethanol dependent (data not shown). As a control extracts of A. carbinolicum were run in parallel and yielded a clearly visible activity woodii.
conditions of oxygen limitation typical fermentation enzymes were found in the aerobic hydrogen-oxydizing bacterium Alcaligenes euitrophus (34) . In an iron-limited chemostat Clostridium acetobiutylicum formed increased amounts of lactate at pHs above 5.1. Iron limitation at lower pHs resulted in an increase in the butanol/acetone ratio (3). Phosphate limitation was found to trigger solvent production in C. acetobutylicum (2) and the formation of D-(-)-1,2-propanediol in Clostridium sphenoides (38) . The course of ethanol generation in A. woodii, beginning in the stationary phase, also resembles the time course for solvent production in C. acetobiutylicium. A possible reason for the induction of solvent formation in C. acetobutylicum under conditions of phosphate limitation could be the shortage of acyl phosphates (21) . Similarly, in A. woodii a shortage of phosphate might lead to a high acetyl-CoA pool, which would shift the equilibrium of the reactions shown in Fig. 7 towards ethanol. Elucidation of these molecular regulatory mechanisms probably awaits the development of genetic systems for these strict anaerobes.
The utilization of ethanol as a sole carbon and energy source has been reported for several other homoacetogens (12, 17, 33) . The ability to ferment primary alcohols has been used as the major characteristic for differentiation between A. woodii and A. carbinolicum (17) . This study shows that growth on ethanol certainly is not a useful taxonomic marker within the genus Acetobacterium. We do believe, however, that A. carbinolicum represents a valid species, but for taxonomic investigations it would be very useful to find other, easily detectable phenotypic differences.
The marginal growth of A. woodii on 1-propanol, 1-butanol, and 1-pentanol makes it tempting to speculate that conversion of these substances to the corresponding fatty acids is achieved because of the nonspecific nature of the enzymes ADH and ACDH. Many ADHs are known to have broad substrate specificities (10, 26, 36) . Cell extracts from ethanol-and glucose-grown cells of A. woodii were shown to have activity bands for ACDH in identical positions. It therefore seems likely that in A. woodii the same ACDH is responsible for the oxidation and reduction of acetaldehyde. The additional bands seen on the gels were probably caused by thiol group-mediated artifactual staining of proteins (40) .
